About 80-90% of all human cancers may be attrib uted to chemical carcinogens such as polycyclic aro matic hydrocarbons. Some polycyclic aromatic hydro carbons found in coal pitch and tar are supertoxic and have been assigned to the highest risk category, as con firmed by reliable epidemiological data.
At the beginning of the twentieth century, the car cinogenic impact of coal products on humans and other living creatures was experimentally demon strated by Japanese scientists, probably for the first time [1] . Later, a compound with particularly severe carcinogenic impact was isolated from coal tar [2] . This compound is often referred to as 3,4 benzopy rene. It has been studied in hundreds of papers. Nev ertheless, despite such prolonged study of the proper ties of 3,4 benzopyrene and its impact on the bio sphere, some important questions remain unresolved.
UNRESOLVED QUESTIONS (1) There is contradictory information regarding the relation between the chemical structure of ben zopyrene and its designation. Benzopyrene exists and has been analytically determined in two isomeric forms, one of which (isomer I in Fig. 1 ) is a proven car cinogen.
By benzopyrene, we usually mean a compound with a link between the fifth benzene ring and the basic pyrene molecule. The many terms for the carcino genic isomer may be traced to the IUPAC nomencla ture, which determines the numbering of the carbon atoms in the pyrene molecule. Previously, the position [a] (Fig. 1 ) was numbered 3,4, and the carcinogenic isomer was known as 3,4 benzopyrene; the position [e] was numbered 1,2 and the other isomer was known as 1,2 benzopyrene. In recent years, according to IUPAC nomenclature, the numbering has changed, and now the carcinogenic isomer should be known as 1,2 benzopyrene, while the other is 4,5 benzopyrene [3] . In the present work, we call the carcinogenic iso mer benz [a] pyrene, the term commonly used outside of Russia.
(2) Benz[a]pyrene is often regarded as the most common and most dangerous polycyclic aromatic hydrocarbon. Therefore, the carcinogenic impact of a particular process is assessed in terms of the benz[a]pyrene emissions to the atmosphere. More than 60 carcinogenic polycyclic aromatic hydrocar bons are known. In recent years, the International Agency for Research on Cancer (IARC) has signifi cantly expanded the roster of potentially toxic polycy clic aromatic hydrocarbons. Particular attention has been paid to dibenzopyrene, which, like benz[a]pyrene, is formed whenever carbon materials undergo combustion or pyrolysis in insufficient air. [4] . Some researchers have found a relation between the carcinogenic impact of polycyclic aromatic hydro carbons and their chemical topology [5] . To that end, zones with high electron density that are associated with carcinogenic activity (segments 4C, 5C, and 6C in Fig. 3, III) have been identified in the structure of polycyclic aromatic hydrocarbons. However, this indi cator is not universal, since there are materials with carcinogenic impact (for example, anthanthrene, Fig. 3 , IV) that do not contain such zones.
The carcinogenic potential of polycyclic aromatic hydrocarbons is used to determine the quantitative risks for humans. The following principles are adopted in determining the carcinogenic potential.
A. The individual potential of a polycyclic aromatic hydrocarbon is determined from the equivalent toxic ity factor (ETF) relative to benz[a]pyrene, whose car cinogenicity is assumed to be one.
B. The total genotoxicity of polycyclic aromatic hydrocarbons is determined by addition.
By convention, benz [a] pyrene is regarded as the indicator that carcinogenic polycyclic aromatic hydrocarbons are present.
In that case, the equivalent with respect to benz[a]pyrene (EBP) for an individual polycyclic aro matic hydrocarbon will be the product of the equiva lent toxicity factor and the concentration of the poly cyclic aromatic hydrocarbon (C, wt %)
In the literature, several approaches to estimating the equivalent toxicity factor have been proposed. For pitch, the most common approach is that recom mended by United States' Environmental Protection Agency (EPA) [6] . That will be used in the present work; the corresponding ETF values are presented in the [7] . The inclusion of polycyclic aromatic hydrocar bons that do not have carcinogenic and mutagenic activity may be explained by their predominance in the emissions from many technological processes and hence the possibility of establishing the source of pol lution when they are found at specific locations. Thus, pyrene and fluoranthene are not carcinogenic but they are primary products in the pyrolysis of hydrocarbons.
Obviously, the carcinogenic impact of atmo spheric emissions from processing plants will be much greater if determined from the sum of all geno toxic polycyclic aromatic hydrocarbons rather than from benz[a]pyrene alone. Thus, experiments have shown that the carcinogenic impact of pitch subli mates according to the sum of toxic polycyclic aro matic hydrocarbons is 11-22 times greater than the figure based on the benz[a]pyrene content [8] .
In industrial atmospheric emissions, the benz[a]pyrene concentration is not dominant. In Fig. 4 , we compare the total carcinogenic potential of dibenzopyrenes (calculated from the equivalent toxic ity factor) and the potential of benz[a]pyrene deter mined in air samples from Stockholm [4] .
It is evident from Fig. 4 that the carcinogenic potential of dibenzopyrene isomers is several times greater than that of benz[a]pyrene [4] .
Thus, it is wrong to assume that benz[a]pyrene is dominant and exceptionally dangerous. [10] . Current research shows that the action of mutagenic chemicals on the human organism (the carcinogenic process) passes through several stages before a tumor is formed SIDOROV [5, 10, 11] . As a rule, three such stages are identified: initiation, promotion, and progression. Initiation involves the direct action of the carcino gen on cells, triggering their transformation. The initi ation stage includes fast and practically irreversible damage to the genetic material of the cells, preparing them for subsequent neoplastic development. The damaged cells are said to be initiated. Replication of the genetic material is required so that the mutations are fixed. According to current concepts, the initiated cell may remain in a dormant state for a long time, until some other factor provokes cell division, cloning, and tumor formation.
Promotion is the process in which the initiated cell completes neoplastic transformation. The materials responsible for promotion are not carcinogens, strictly speaking, but their action is necessary for tumor devel opment. Promoters may include hormones, pharma ceuticals, or products of plant metabolism that inter act with the cell membrane and receptor structures of the initiated cell's nucleus or protoplasm and provoke cell division. Potential promoters include nutritional fats, tobacco smoke, asbestos, halogenated hydrocar bons, and alcohol. Some carcinogens are both initia tors and promoters (complete carcinogens).
Progression is the process in which a benign tumor is converted into a malignant tumor. It involves further transformation of the cells' genetic material.
The carcinogenic polycyclic aromatic hydrocar bons found in pitch and coal tar are genotoxic agents. They give rise to delayed effects that are generally due to the cumulative action of small doses. This group of materials has a distinctive action on the molecules that are the carriers of inheritance. Besides the direct action of carcinogens on the DNA molecules, they may also activate the formation of free radicals in the cells of the organism. The importance of the latter mechanism in carcinogenesis is indirectly demon strated by the experimental finding that antioxidants are able to suppress chemical carcinogenesis.
Thus, in the broad sense of the term, carcinogens are both initiators and promoters of tumor growth and hence the carcinogenic action of chemicals is an extremely complex process, which may take many forms. Consequently, we cannot regard carcinogenic activity and carcinogenic hazard as synonyms. That explains many of the inconsistent results relating the cancer mortality rates of a population to the concen tration of carcinogens in the vicinity. The data regard ing cancer mortality associated with professional exposure are also contradictory. According to special ists in the United States, they may account for between 5% and 20% of all cancer deaths in the country.
(5) There is significant discrepancy in the results for the benz[a]pyrene concentration in pitch that are used to assess its carcinogenic impact. Since there are no physicochemical methods for the direct determi nation of the content of benz[a]pyrene and other polycyclic aromatic hydrocarbons in pitch, the analy sis is based on pitch fractions dissolved in benzene, tol uene, carbon disulfide, or another solvent. These frac tions contain ~80% of the pitch hydrocarbons and practically all of the potentially hazardous polycyclic aromatic hydrocarbons. Therefore, certain subjective errors appear even in preparing the samples for analy sis. However, the greatest discrepancy in the results is observed when using different analytical methods.
The benz[a]pyrene concentration in coal pitch determined by spectral-fluorescent methods (2.3-5.1%) or by direct paper chromatography (2.6-3.9%) are markedly higher than those found by capillary gas chromatography or efficient liquid chromatography (0.8-1.2%), as shown in [12] . Spectral-fluorescent methods are extremely sensitive, which is important in determining microquantities of polycyclic aromatic hydrocarbons. However, when determining larger quantities of polycyclic aromatic hydrocarbons, their fluorescence spectra are very intense but poorly resolved, and the possibility of superposition of the spectra cannot be ruled out. Therefore, the benz[a]pyrene content in coal pitch determined by fluorescent spectroscopy without preliminary multi stage purification will probably be overestimated.
Note that no analytical method permits quantita tive estimation of the carcinogenic hazard posed by a particular pitch, since synergetic effects in a mixture of hydrocarbons cannot be taken into account. That problem can only be solved by medical experiments on animals, which offer conclusive evidence of blasto mogenic hazard (that is, the risk of creating mutagenic cell neoplasm).
In these experiments, the assessment of their carci nogenic activity assumes 100% involvement of the material being investigated. However, experiments on mice have shown that radical differences in the carci nogenic potential of pitch samples exist in their γ frac tion [12] . The toluene insoluble α fraction of the pitch samples has no carcinogenic activity. On that basis, we may show that the carcinogenic hazard is 32% greater for high temperature pitch of rank C (according to State Standard GOST 10200-83) than for medium temperature pitch of rank B.
In the carbonization of coal pitch of pitch-coke composites to 900°C, dibenz [a,l] pyrene is released at temperatures above ~400°C. Some of the initial benz[a]pyrene in the coal pitch evaporates on carbon ization and collects in the pitch tar, while the rest is converted to higher molecular hydrocarbons and ulti mately to coke [8] . An important and often ignored feature of pitch carbonization is that benz[a]pyrene and other polycyclic aromatic hydrocarbons are syn thesized in the gas phase above 750°C.
Balance calculations show that, in the carboniza tion of coal pitch, about 44% of the initial benz[a]pyrene evaporates and passes to the coal tar, while 56% is converted to coke. The evaporation of benz[a]pyrene and other carcinogenic polycyclic aro matic hydrocarbons in the pitch sublimates is greatest at at 390-550°C. However, in most technological pro cesses, those polycyclic aromatic hydrocarbons are eas ily trapped by cooling and condensation. The greatest environmental hazard is posed by benz[a]pyrene and other carcinogenic polycyclic aromatic hydrocarbons synthesized in the pyrolysis of simple unsaturated hydrocarbons at 750-800°C.
Those polycyclic aromatic hydrocarbons are present in the exhaust gases-that is, after collection of the pitch tar. The benz[a]pyrene content in the exhaust gases is 450-500 mg/m 3 and does not depend on the benz[a]pyrene content in the initial pitch [8] . Accordingly, the exhaust gases must be regarded as determining the carcinogenic impact of pitch process ing, since they cannot be neutralized by the usual sorptional purification and, without effective ther mocatalytic treatment, they will be very hazardous atmospheric pollutants.
(6) There are doubts regarding the view that the carcinogenic impact from the carbonization of coal pitch is greater than that for the carbonization of petroleum pitch. Experiments have shown that adding petroleum bitumen to coal pitch prior to carboniza tion actually increases the benz[a]pyrene content in the exhaust gases at 800°C, rather than reducing it [13] . The finding that the benz[a]pyrene content in the exhaust gases is independent of its content in the initial pitch proves helpful here [8] . In fact, with effec tive trapping of pitch tar, the coking of coal pitch, petroleum pitch, or their mixture will have basically the same carcinogenic impact, on account of the approximately equal benz[a]pyrene content in the exhaust gases at 800°C.
REDUCING THE CARCINOGENIC IMPACT OF PITCH PROCESSING
Only a few methods of diminishing the carcino genic impact of coal pitch and their gaseous processing products are mentioned in the literature [14, 15] . Physical methods include the treatment of coal pitch by ultrasound (600 kHz/s) or by high frequency cur rents (at ultrashort wavelengths) [16] . A method of reducing the benz[a]pyrene content in atmospheric emissions by means of UV radiation with a mean light-flux density of gas irradiation in the range 0.001-0.300 J/cm 2 has been patented [17] . High temperature pitch (T s = 156-196°C according to Mettler) with 0.035% benz[a]pyrene may be produced from medium temperature pitch (T s = 89°C accord ing to Mettler) containing 1.1% benz [a] pyrene by the method in [18] . To this end, the medium temperature pitch is distilled in a thin layer evaporator at 300°C in vacuum (100 Pa) for 5 min.
Chemical methods permit effective lowering of the benz[a]pyrene content (with elimination of the carci nogenic impact) by passing hydrocarbon mixtures through sulfuric acid, with subsequent buffering [19, 20] . However, in most known chemical methods, the pitch loses its technological properties and can no longer be used as an electrode binder. Such methods include acetoxylation of pitch by lead tetraacetate; treatment with strong oxidants (hydrogen peroxides, potassium bichromate [21] ) or alkylating agents (5-6 carbon atoms) in the presence of Friedel-Crafts cat alysts [22, 23] ; and catalytic hydrogenation.
The benz[a]pyrene content in coal pitch is reduced, without loss of its technological properties, by adding 3-5% adsorbents (activated carbon) with mean pore radius 2.6-3.7 nm and subsequent holding at 175-290°C [24] or by heat treatment in the presence of tita nium dioxide [25] . The benz[a]pyrene content is reduced by carbonization of pitch-coke composites in the anode mass using hybrid electric binders: mixtures of coal pitch with petroleum pitch [26, 27] , shale tar, or heavy pyrolytic tar [28, 29] . Carbonization of coal pitch in the presence of 3d transition metals (iron, nickel, etc.) reduces the benz[a]pyrene content and completely eliminates its emission [30, 31] .
Diverse opinions may be noted regarding the influ ence of thermooxidation on the carcinogenic impact of coal tar pitch. Nevertheless, most researchers have experimentally confirmed that the thermooxidation of coal tar pitch by air, oxygen, or ozone reduces its carci nogenic potential. The disagreement concerns quanti tative estimates of the decrease in carcinogenic impact as a function of the thermooxidation conditions.
The most optimistic Russian researchers assume that the benz[a]pyrene content may be reduced by a factor of 10-15 in the thermooxidation of coal pitch with small atmospheric additions of ozone [32] . For eign researchers obtained a similar result in the ther mooxidation of the anthracene fraction of pitch by air. That fraction has a benz[a]pyrene content an order of magnitude smaller than for pitch obtained from the same anthracene fraction by thermal preparation [33] .
The effectiveness of thermooxidation depends on the temperature of the process. In thermooxidation by air at 250-300°C, the carcinogenic activity is reduced [32, 34] . At 370-390°C, by contrast, the carcinogenic activity is increased very significantly. Even the tem perature rise from 340 to 380°C increases the benz[a]pyrene content by more than 1% [32] .
The influence of the temperature is clearly evident in the distillation of coal tar, when the elevated tar temperature in a tubular furnace (~400 ± 10°C) and the prolonged holding of the pitch in the second stage evaporator result in nonadditive increase in the benz [a] pyrene accumulation in the final pitch [32, 35] . Industrial experiments show that, on heating tar to 355°C, there is practically no further benz[a]pyrene formation; its content in the pitch cor relates with the pitch yield from tar [32] .
The synthesis of benz[a]pyrene at thermooxidation temperatures of 370-390°C is possible in liquid or vapor-gas phase by the condensation of low molecu lar (two or three ring) polycyclic aromatic hydrocar bons with radicals formed in the reductive and thermal destruction of high molecular polycyclic aromatic hydrocarbons present in the β and α fractions [34] .
Therefore, one method of reducing the benz[a]pyrene content in the pitch is to remove the low molecular polycyclic aromatic hydrocarbons from the high temperature zone before their conver sion to benz[a]pyrene. That involves periodic distilla tion, when the low molecular polycyclic aromatic hydrocarbons gradually evaporate before the tempera ture of possible benz[a]pyrene synthesis is attained, and consequently its content in the pitch is less than in continuous distillation.
For that reason, the benz[a]pyrene content in the pitch is 2-2.5 times less after double distillation of tar (330°C in the first stage and 390°C in the second) than after single stage distillation [34] . Reduced benz[a]pyrene content is also observed in vacuum dis tilled pitch when the tar is heated at 370-380°C or less.
Experiments have confirmed that the quantity of toxic pitch sublimates and their content of carcino genic polycyclic aromatic hydrocarbons may be reduced by introducing additives to the pitch [13] . Some additives are able to reduce the benz[a]pyrene content in the atmospheric emissions. However, com plete suppression of gas phase benz[a]pyrene synthe sis at 750-800°C or more has proven impossible. We may suppose that, since the unsaturated hydrocarbons required for benz [a] pyrene synthesis are present in the gas phase during the pyrolysis of practically any hydro carbon material (coal pitch, petroleum pitch, etc.), benz[a]pyrene in the exhaust gases is an unavoidable product of its high temperature processing.
